Composición en ácidos grasos de aceites de semillas de Tilia spp.
INTRODUCTION
As part of a broad study of the seed oil fatty acid composition of Malvaceae plants, several species within the Tilia genus were evaluated. These trees, commonly referred to as lime, linden, or basswood trees in English, were originally considered as part of the Tiliaceae plant family. Recent genetic analyses, however, have suggested that these plants are better placed into a subfamily (Tilioideae) within a more encompassing Malvaceae family .
Reports on the presence of cyclopropeniod fatty acids in the seed oils of the Tilia spp. plants have been variable. Raju and Reiser (1966) reported T. platyphyllos seed oil to contain malvalic (cpe18:1) and sterculic (cpe19:1) acids at a combined level of 3.2%. In contrast, other reports on T. platyphyllos and other Tilia spp. seed oils, including one relatively recent report, have not mentioned these acids (Cristea and Stanescu, 1967; Mruk-Łuczkiewicz, 1976; Küsmenoğlu and Toker, 1998) . Consequently, it was of interest to confirm the presence of these components in the seed oils of the Tilioideae subfamily. As cpe18:1 is generally accepted as being formed by the a-oxidation of cpe19:1 (Yano et al., 1972 , Bao et al., 2002 and other a-oxidation products have been recently detected in the seeds of Thespesia populnea (Dowd, 2012) , also from the Malvaceae family, it was of interest to see if other a-oxidation products were also present in these oils.
MATERIALS AND METHODS

Plant material
Seeds of T. cordata (Samples 1 and 2, accessions 70011 and 70012, respectively) were obtained from M.K. DOWD AND M.C. FARVE to cool, 1 mL of NaCl-saturated water and 1 mL of hexane were added to each preparation; the tubes were re-mixed and then allowed to settle into organic and aqueous phases. The organic layers were recovered for analysis by gas chromatography.
To confirm suspicions about the lack of nonesterified short-chain fatty acids in the oils, acidbased esterification was also conducted on a few samples. The oil samples were treated as described above, but with the Methanolic base replaced with 1 mL of BF 3 -methanol (10% w/v) (Supelco). Each hexane phase was recovered and was also analyzed by gas chromatography.
Gas chromatography
Two capillary columns were needed to detect all of the methyl esters present. A Supelco SP-2380 column (0.25 mm i.d. × 30 m × 0.20 µm film thickness) was able to separate most of the fatty acids of interest, but could not separate the dihydrosterculic acid (cpa19:0) and linoleic acid (9,12-18:2) components ( Figure 1 ). This separation was achieved with a Supelco SP-2560 column (0.25 mm i.d. × 100 m × 0.20 µm film thickness), which itself was not able to separate the heptadecadienoic acid (8,11-17:2) and oleic acid (9-18:1) methyl esters ( Figure 2) . A pair of Agilent 7890 gas chromatographs was used, each configured with split/splitless injectors and flame ionization detectors. Helium was used as the carrier gas. The injectors were operated at 240 °C in split mode with a split ratio of 1:100. Injector head pressures were adjusted to yield a linear column 
Oil recovery and methylation chemistry
For each sample, hulls were removed by hand and four to five well-formed kernels were sectioned into pieces with a razor blade. Seed pieces were placed in a micro-centrifuge vial with 1 mL of hexane and two to three 2.3-mm diam. chrome steel balls. Oil was extracted by wet milling the seeds with a BioSpec Bead-Beater 8 bead mill (Bartlesville, OK, USA) operated at 90% power until the kernel tissue was completely macerated (~5-10 min). The tubes were then centrifuged to pellet debris, and each miscella was transferred to a screw-cap test tube.
Methyl esters were formed by a base-catalyzed transesterification procedure similar to that previously described (Dowd, 2012) . Two hundred microliters of Methanolic base (Supelco, Bellefonte, PA, USA) was added to each recovered miscella, and the mixtures were heated at 70 °C for 10 min with periodic vortex mixing. After allowing the tubes FATTY ACID COMPOSITION OF TILIA SPP. SEED OILS acids of each class. The sum of the cyclopropenoid fatty acids was calculated from the levels of cpe18:1 and cpe19:1, and the total percentage of a-oxidized fatty acids was calculated from the levels of cpe18:1, 8,11-17:2, and 8-heptadecenoic acid (8-17:1).
Samples were separated into hierarchical clusters based on the fatty acid results. Cluster analysis was performed with SAS Proc Cluster with Ward's minimum-variance method, which calculates the distance between two clusters as the ANOVA sum of squares.
RESULTS AND DISCUSSION
Tilia spp. seed oils are composed mostly of 9,12-18:2 with lesser amounts of 9-18:1 and palmitic (16:0) acid (Tables 1 and 2) , which is similar to the profiles of most Malvaceae seed oils. Most of the expected secondary components were also found in the oil, including myristic (14:0), stearic (18:0), arachidic (20:0), behenic (22:0), lignoceric (24:0), palmitoleic (9-16:1) and cis-vaccenic (11-18:1) acids ( Figure 1 ). Small amounts (0.05 to 0.1%) of heptadecanoic (17:0), 9-heptadecenoic (9-17:1), 9,10-epoxystearic, and vernolic acids were also identified and were included in the analysis. Traces (<0.05%) of additional acids were also detected but were not included as their contributions to the distributions were minor.
Cpe18:1 and cpe19:1 were present in all samples analyzed. T. amurensis had the highest combined level of these acids at just over 17%, velocity of ~20 cm s -1 . Detectors were operated at 300 °C. For the runs with the SP-2380 column, the oven temperature program was initiated at 150 °C, held for 3 min; then the temperature was ramped at 2 °C min -1 to 180 °C; then ramped at 4 °C min -1
to the final temperature of 240 °C, which was held for 15 min. For the work with the SP-2560 column, the oven was set at 180 °C for 35 min; then the temperature was ramped at 2 °C min -1 to 240 °C, and held for 15 min.
Identities of the individual fatty acids were determined by comparing elution times with standards and by mass spectrometry of methyl esters and dimethyldisulfide derivatives as previously described (Dowd, 2012) . Fatty acid distributions were determined from the peak areas of the SP-2380 chromatograms. To partition the peak area of the co-eluting cpa19:0 and 9,12-18:2 esters, the ratio of the peak areas for the cpa19:0 and cpe19:1 components was determined from the SP-2560 chromatogram, and this ratio was used to calculate the area of the cpa19:0 methyl ester from the SP-2380 chromatographic data. This area was then subtracted from the area of the co-eluting 9,12-18:2 peak to give the corrected area for this ester. To determine relative weights, peak areas were corrected for flame ionization response factor differences, as described in the AOCS method Ce1e 91 (1998).
Calculations and cluster analysis
The total level of saturated and unsaturated fatty acids was calculated from the sum of individual M.K. DOWD AND M.C. FARVE derivatization technique used by Raju and Reiser (1966) to stabilize these fatty acids. Degradation of the compounds as methyl esters on early chromatography systems has also been noted (Coleman, 1970; Fisher and Schuller, 1981) , which may account for the lack of information about these acids in several of the early Tilia reports. These chromatographic problems, however, appear to have been largely eliminated by the development of more inert chromatographic inlets and capillary columns (Fisher and Schuller, 1981) . The absence of information regarding these acids in the relatively recent report by Küsmenoğlu and Toker (1998) may have stemmed from the use of an acid-based esterification method, as cyclopropenoid acids are unstable in acid (Raju and Reiser, 1966; Coleman, 1970) . Alternatively, the chromatogram shown by Küsmenoğlu and Toker (1998) appears to have a few unidentified components that may have represented these acids.
while T. mandshurica and T. tomentosa appeared to have the lowest levels at 5.8-7.1%. Dihydrosterculic acid (cpa19:0) was also observed in all of the seed oils at levels between 0.4 to 0.9%. In all species evaluated, cpe18:1 was in higher concentration than cpe19:1.
Differences were apparent in the levels of cyclopropenoid fatty acids compared with prior reports. The stability of these acids was a concern in early attempts to measure these components, with both derivatization conditions and instrumentation limitations contributing to the problems. Of the early reports on Tilia spp. seed oils, only Raju and Resier (1966) mention the presence of cyclopropenoid fatty acids in T. platyphyllos at a combined level of 3.2%. Significantly greater combined levels (8.3-8.6%) were found for the two T. platyphyllos samples included in this study (Table 2) . This difference might be due to seed sample variation or to complications associated with the thiomethyl The number in parentheses under a species name indicates the sample number for that species. c EA = 9,10-epoxy-18:0; VA = vernolic acid or 12,13-epoxy-9-18:1; Total cpe = total cyclopropenoid fatty acids; Total sat. = total saturated fatty acids; Total unsat. = total unsaturated fatty acids; Total a-oxid. = total fatty acids that have undergone a-oxidation = cpe18:1 + 8:17:1 + 8,11-17:2.
FATTY ACID COMPOSITION OF TILIA SPP. SEED OILS detected and it was measureable in only a few samples at around 0.01%). Because it was possible for these acids to be present in free form and therefore not methylated by base catalysis, BF 3 -methanol esterification was used to test for their presence in a few samples (T. cordata, T. platypyllos, and T. tomentosa) . This procedure, however, did not reveal any additional levels of these shorter-chain components. Our suspicion is that the methylation conditions used in these early reports may have resulted in the formation of artifacts. These smaller fragments would elute from the chromatography phase before the longerchain esters and were likely accounted for as low molecular weight esters. Alternatively, seed quality may have been low, and oil degradation may have contributed to the profiles. Two additional fatty acids were also observed in the chromatograms (Figures 1 and 2) . 8-17:1 Two of the early reports on Tilia spp. seed oils noted significant levels of short chain fatty acids (Cristea and Stanescu, 1967; Küsmenoğlu and Toker, 1998) . Cristea and Stanescu (1967) reported that 11.6% of the seed oil fatty acids of T. platyphyllos are a combination of caprolic, caprylic, capric, and lauric (12:0) acids. Smaller but still significant levels of these acids were also noted in the seed oils of T. argentea (a synonym of T. tomentosa) and T. silvestris (most likely T. cordata). Kusmeno≈lu and Toker (1998) have also reported that T. tomentosa (reported as T. argentea), T. platypyllos and T. rubra contain short-chain acids, corresponding to between 12.5 and 32.9% of the fatty acids present. In contrast, the report by MrukŁuczkiewicz (1976) on T. cordata seed oil does not mention these acids.
In this work, shorter-chain fatty acids were not present at any significant level (only 12:0 was The number in parentheses under a species name indicates the sample number for that species. c EA = 9,10-epoxy-18:0; VA = vernolic acid or 12,13-epoxy-9-18:1; Total cpe = total cyclopropenoid fatty acids; Total sat. = total saturated fatty acids; Total unsat. = total unsaturated fatty acids; Total a-oxid. = total fatty acids that have undergone a-oxidation = cpe18:1 + 8:17:1 + 8,11-17:2.
M.K. DOWD AND M.C. FARVE between the clustering analysis and the proposed taxonomical relationships is not surprising, given that plant fatty acid profiles are known to be influenced by environment, and this factor has not been accounted for in this modest sampling of seeds.
CONCLUSIONS
Tilia spp. seed oils contain significant levels of cyclopropenoid fatty acids (6-17%). They also contain minor levels of unsaturated heptadecyl fatty acids, which have not been previously noted among the oil components of this plant genus. Short-chain fatty acids mentioned in prior reports were not observed in this study.
was present at levels between 0.5 and 0.9%, and 8,11-17:2 was present at levels between 0.8 and 1.3%; their identities were confirmed by mass spectrometric methods previously described (Dowd, 2012) . Biochemically, these acids appear to form by one-carbon oxidation of the oil's major unsaturated components, i.e., 9-18:1 and 9,12-18:2. The maximum level of these a-oxidation products was ~2.1% for one of the T. platyphyllos samples. This is comparable to the level of these acids recently reported in the seed oils of Thespesia populnea (Dowd, 2012) , another Malvaceae plant but from the Malvoideae subfamily.
Fatty acid profiles have been used to identify adulteration in vegetable oils (Dourtoglou et al., 2003) and as an aid to identify microbial species (Slabbinck et al., 2009) . A clustering analysis was conducted on the species analyzed in this study to see how closely the fatty acid profiles might relate to known taxonomical relationships among Tilia spp. plants. As for many plant genera, the taxonomy of the Tilia genus is complicated and is not fully settled (Engler, 1909; Vassiljev, 1971; Clark, 2009) . While the results of the clustering analysis show elements of agreement with these classification schemes (Figure 3) , they are not in full accord. For example, while the individual T. tomentosa and T. cordata samples were closely grouped (Figure  3) , the two samples of T. platyphyllos were not, having one representative in each of the two major dendographic branches. Also, the T. tomentosa and T. mandshurica samples, which represent the Astrophilyra section of the genus in both the Engler (1909) and Vassiljev (1971) classification schemes, form a major cluster branch, while the other species, which represent the Anastraea section of the genus, form a companion branch. Not fitting the pattern, however, are the T. americana and T. amurensis samples, which cluster closely based on their fatty acid profiles, but are separated into the two above mentioned taxonomical sections. Further analysis of the finer branches reveals additional differences. The fact that differences exist Figure 3 Cluster analysis generated from the fatty acid distributions of several Tilia spp. seed oils.
